The antibacterial properties of a polymeric phosphonium salt were studied to determine its suitability as an additive to develop an antibacterial dental resin. The phosphonium salt monomer studied was tri-n-butyl(4-vinylbenzyl)phosphonium chloride (VP), and acrylic acid (AC) and methacryloyloxyethyl trimethyl ammonium chloride (MA) were used as controls. The antibacterial activity of these monomers and their corresponding polymers (PVP, PAC, and PMA) against Streptococcus mutans (S. mutans) was examined. When incubating S. mutans in a medium containing 10 µmol/mL for 24 hours, the antibacterial activity of PVP against S. mutans was high, while the antibacterial activity of PMA and VP was lower. AC, PAC and PMA exhibited the lowest antibacterial activity. The mechanical properties of the copolymers of methyl methacrylate, 2-hydroxyethyl methacrylate, and VP decreased as VP content increased, and were lower than those of poly(methyl methacrylate).
INTRODUCTION
Contamination in the oral cavity around composite resins is achieved by daily brushing, or scaling on visits to the dental office or hospital. Odours and staining of denture base resin fixed in the oral cavity can be removed using commercial deodorants and cleaning treatments, or by the use of mechanical force. Apart from scaling treatments by the dentist, the sanitary condition of materials in the oral cavity is the responsibility of patients, whose success in maintaining cleanliness is limited by their willingness to comply with instructions and their time constraints.
Secondary caries around composite resins and denture stomatitis are thought to be caused by the bacteria in the dental plaque which adheres to tooth and denture surfaces. It is important to control secondary caries and denture stomatitis after treatment. This problem cannot be solved by modifying and smoothing the surface of the material because many bacteria are involved in the formation of dental plaque, and their adhesiveness to the material varies. One solution to the problem is to build antibacterial properties into material.
Many studies have investigated the addition of antibacterial agents to dental resin base materials. The antibacterial activity of SiO2 filler implanted with silver ions 1) , denture base resins containing silver powder 2) , composite resin filled with Ag-silica 3) , silver glass ionomer cement 3) , and resinous temporary sealing materials containing an inorganic antibacterial agent 4) has been measured in vitro. Another study investigated the copolymer of methyl methacrylate and silver methacrylate as an antibacterial resin 5) . The Ag+ ion in these materials showed significant antibacterial activity. The antimicrobial activity of tissue conditioners containing bamboo extracts against Candida albicans has also been investigated 6) . When the tissue conditioners were immersed in heart infusion agar medium, the bamboo extracts scarcely eluted, and the adhesion of Candida albicans to tissue conditioners containing 10 wt% bamboo extracts was significantly inhibited. The antimicrobial activity of resin modified glass-ionomer material combined with chlorhexidine at a concentration of 5% was studied 7) . The material exhibited a significant reduction in Streptococcus mutans numbers for 1−3 weeks, but after four weeks there was no difference between glass-ionomers with and without chlorhexidine. The decrease in antibacterial activity may be due to loss of chlorhexidine through elution from the material. The elution of inhibitory components may result in toxic effects, changes in mechanical properties, and loss of antibacterial effectiveness.
The antibacterial activity and bonding of MMA/TBB resin containing an amphiphilic lipid as an antibacterial agent was investigated 8) . The bond strength to enamel was clinically acceptable for orthodontic brackets, but was not effective on dentin. A new monomer, methacryloyloxydodecylpyridinium bromide, was synthesized, and investigated as an antibacterial agent [9] [10] [11] [12] [13] . Composite material containing the monomer inhibited the growth of S. mutans, and no elution of the antibacterial agent was observed from the material. When considering the antibacterial activity and mechanical properties of materials with antibacterial components, it is desirable that the antimicrobial component does not dissolve out from the material.
The purpose of the present study was to evaluate the antibacterial activity of tri-n-butyl(4-vinylbenzyl) phosphonium chloride (VP) [14] [15] [16] [17] which has a double bond, the homopolymer of VP, and the copolymers of VP and other monomers such as methyl methacrylate, and 2-hydroxyethylmethacrylate in a hydrophilic system. Methacryloyoxyethyltrimethyl ammonium chloride (MA), which is known to have antibacterial properties, was used as a comparison. 
MATERIALS AND METHODS

Preparation of homopolymers
A mixture of 2 g monomer VP, 3 g water as a dilution solvent, and 0.33 g ammonium persulfate as an initiator was placed in a glass tube of 18 mm inside diameter. The tube was flame-sealed on a burner, and then heated for 20 hours in 55°C water followed by 2 hours in a dry oven at 100°C. The reactant was poured into a beaker, diluted five times with distilled water, then dialyzed using a dialysis tube (Spectra/Por 6 membrane, MWCO:1,000, Spectrum Laboratories, CA, USA). The dialyzed solution was concentrated and then freeze-dried. The MA polymer was prepared using the same method. The average molecular weights of their products were determined using gel permeation chromatography.
Preparation of copolymers
The solubility of VP and MA in MMA was tested (Table  5) . Since MA was insoluble in MMA, the copolymer of MA and MMA could not be prepared. To prepare the copolymers of VP and MMA, the VP component was dissolved in MMA at 0.05, 0.10, and 0.15 mol%. In the case of 0.10 mol% solution, 70.9 mg (0.2 mmol) of VP, 19.98 g (199.8 mmol) of MMA, and 100 mg of benzoyl peroxide (BPO, Wako) as initiator were added to glass tubes of 4 and 10 mm inside diameter. The amount of BPO added was 0.5 wt% of the monomer mixture. The glass tube was flame-sealed on a burner, heated for 20 hours in 55°C water, then heated for 2 hours in a dry oven at 100°C.
HEMA, which is amphiphilic, was added to the mixture of VP and MMA to increase the amount of antibacterial component VP in the copolymer. That is, various mol% of VP were added to the monomer mixture of MMA and HEMA. For example, the mixture of 0.473 g (1.333 mmol, 1 mol%) of VP, 10.56 g (105.6 mmol, 79.2 mol%) of MMA, 3.436 g of HEMA (26.4 mmol, 19.8 mol%), and 72.3 mg of BPO (Wako) as initiator were added to glass tubes of 4 and 10 mm inside diameter. The molar ratio of MMA and HEMA was 8 : 2, and the content of BPO was 0.5 wt% of the monomer mixture. The mixture was polymerized using the methods previously outlined. Further copolymers of MMA, HEMA, and MA were also prepared for comparison.
Antibacterial activity of monomers and homopolymers (a) Evaluation by turbidimetry: Solutions of 40 µmol/mL of each antibacterial component were prepared and Table 1 Monomers used in this study: chemical formulae and codes
Formula Code
Tri-n-butyl(4-vinylbenzyl)phosphonium chloride 
LG, MA, USA) for sterilization, and were diluted to 1, 10, and 20 µmol/mL solutions. Streptococcus Mutans Ingbritt (S. mutans) was grown for 20 hours at 37°C in an anaerobic chamber (Hirasawa, Tokyo, Japan) with an atmosphere of 85% N2, 10% H2, and 5% CO2 in brain heart infusion broth (BHI broth; Difco, Detroit, MI, USA) supplemented with 5 mg of yeast extract per mL. A culture of S. mutans containing approximately 10 8 cells/mL was prepared. 100 µL of the antibacterial solution at each concentration was mixed with 60 µL of the bacterial suspension and 3 mL of BHI broth, and the concentration of each component in the medium became approximately 0.032, 0.32, and 0.63 µmol/mL, respectively. After mixing, the mixture was cultivated under the conditions described above. The absorbance (OD550) of the cultivated solutions was measured using a spectrophotometer (Spectro 20, Shimadzu, Kyoto, Japan) at 550 nm after 6 and 24 hours of cultivation, with three specimens for each component. The suspension after cultivation with the medium containing 20 µmol/mL of each component for 24 hours was diluted 10 5 times, and a 100 µL sample of the diluted solution was plated on a BHI agar plate (Difco, Detroit, MI, USA). The number of S. mutans colonies growing on the plate was observed.
(b) Disk sensitivity: BHI agar plates (Difco) were prepared prior to the assay, and 100 µL of liquid bacterial culture was spread onto plates with the appropriate medium using a sterile swab. Immediately prior to their placement on the plates, 10 µL of extract (40 µmol/mL) was pipetted onto a 5 mm sterile filter paper disk. The plate was then incubated at 37°C for 20 hours. After incubation, the plates were examined for inhibition zones.
Antibacterial activity of copolymers Disks 1 mm thick and 10 mm in diameter were cut from the copolymers of VP, MMA, and HEMA, and a 0.5 mm hole was made in the surface in one corner. The surface was then polished with 0.3 µm lapping film (3M, St. Paul, Minn, USA), and the disk was washed twice in distilled water with an ultrasonic washing machine, sterilized in 70% ethanol, and stored in sterile distilled water. The disk was suspended in BHI broth containing 0.5% yeast extract and 5% sucrose with 0.3 mm diameter stainless steel wire, and inoculated for 24 hours at 37°C under the anaerobic conditions described above. After inoculation, the disks were washed with phosphate buffer saline (PBS, pH 7.4), and the plexus of bacteria which adhered to the disk was stained with a 0.3% aqueous solution of crystal violet for 10 seconds. The disk was rinsed with PBS, and then immersed in 1 mL ethanol to dissolve the stain which corresponded to the amount of adherent bacteria on the surface of the disk. The absorbance (OD600) of the ethanol solution was measured using a spectrophotometer because 600 nm was the maximum absorption of the crystal violet solution.
Measurement of mechanical properties
To measure the compressive strength of the copolymers, 6 cylindrical specimens 4 mm in diameter and 8 mm in length were cut. To measure bending strength, 5 cylindrical specimens 4 mm in diameter and 25 mm in length were cut. Compressive strength was measured on a universal testing machine (Model IS-500, Shimadzu Co. Ltd, Kyoto, Japan) at a cross-head speed of 2.0 mm/ min, and was calculated from the value of the yield point of the stress-strain curves obtained. The bending test was performed with a three-point bend test jig supporting the specimen on two parallel rods 20 mm apart with a centrally applied load at a cross-head speed of 1 mm/ min. Bending strength was calculated from the value of the yield point. Specimens were tested after storage in 37°C water for two days.
The data for each group of measurements were analyzed by one-way ANOVA, and then differences among means were analyzed using Tukey multiple comparison tests with the level of statistical significance at p<0.05. Table 2 shows the pH of 40 µmol/mL solutions of three monomers (VP, MA, and AC) and their homopolymers (PVP, PMA, and PAC). The pH of the monomers and polymers ranged between 3 and 5, and their solutions were acidic. However, when the solutions were added to the medium, the pH increased to almost 7.2 because of the buffering action of the medium. Figure 1 shows the sensitivity of antibacterial components against S. mutans on BHI plates. No inhibition zones were observed for AC, PAC, MA, PMA, and PVP. However, there was an inhibition zone around component VP. Table 3 shows the absorbance (OD550) of the S. mutans suspensions containing each antibacterial component. The OD550 of the suspension containing 1 µmol/mL of monomer VP was the lowest of all the specimens, and the OD550 of the suspension containing 10 µmol/mL of VP was lower than that containing 1 µmol/ mL. The OD550 of the suspension containing 10 µmol/mL of polymer PVP was markedly lower than the other components. The 20 µmol/mL suspension containing PVP measured zero OD550 after 24 hours, which was lower than the same concentration suspension containing PMA. The OD550 of polymers PMA and PVP was lower than that of the corresponding monomers MA and VP. Figure 2 shows photographs of the colonies formed by S. mutans on the BHI plates. The number of colonies on the plate after inoculation with each component was as follows: C>PAC>AC>MA>PMA>VP=PVP, and no colonies were detected on the VP and PVP plates. Table 4 shows the OD600 of the ethanol solution containing the stained bacteria that had adhered to the disk of the copolymers. The amount of the stain adhering to the surface of the copolymers containing VP was lower than that of the control and the copolymers containing MA.
RESULTS
Antibacterial activity of monomers and homopolymers against S. mutans
Antibacterial activity of the copolymers of MMA, HEMA, and VP or MA on S. mutans
The solubility of VP and MA in MMA and the mechanical properties of the copolymers Table 5 shows the solubility of VP and MA in MMA. Monomer VP slightly dissolved at 0.15 mol% in MMA, but MA was insoluble in MMA. Table 6 shows the mechanical properties of the copolymers of VP and MMA. The compressive strength of the copolymers containing VP was not significantly different from that of PMMA. The bending strength of the copolymer containing 0.15 mol% of VP was higher than that of PMMA, and the bending modulus of the copolymers containing 0.10 and 0.15 mol% was lower than that of PMMA. Table 7 shows the mechanical properties of the copolymers of MMA, HEMA, and VP or MA. For VP and MA, the mechanical properties of their copolymers decreased as the content of monomer VP and MA increased.
DISCUSSION
Substances which exhibit antibacterial activity are used in various dental and medical materials and apparatuses, and in everyday sanitary necessities. Substances with antibacterial activity are divided into two types; (a) those that release active components such as monomers and ions from the material (release) and (b) those that do not (non-release). The antibacterial activity and the mechanical strength of materials containing components of the release type may decrease with the elution of their components. Given the potential decrease in activity and strength, it was considered that materials with active components of the non-release type were desirable. In this study, tri-n-butyl(4-vinylbenzyl)phosphonium chloride (VP) with a double bond was examined as the active component, and methacryloyloxyethyltrimethyl ammonium chloride (MA) with chloride as a counter anion of the cationic component as well as VP as a Table 4 Antibacterial activity of the copolymers of MMA, HEMA, and VP or MA against S. mutans. control.
Code
Evaluation of antibacterial activity of polycations by the conventional spread plate method is complicated by the fact that they tend to interact strongly with some constituents of media used to cultivate bacteria in agar plate. The polymeric biocides have been found to interact with negatively-charged species (such as sodium caseinate) and produce an insoluble complex, leading to inactivation of the polymeric disinfectants. In order to evaluate the antibacterial activity of such disinfectants correctly, it is preferred that the disinfectants are in contact with bacterial cells in sterile water or saline, and then the surviving cells are counted after being cultivated on agar plates.
Antibacterial activity of monomers, homopolymers, and copolymers against S. mutans
Disk sensitivity tests of antibacterial components against S. mutans on BHI agar plates revealed no clear inhibition zones for the test components AC, PAC, MA, PMA, and PVP; however, VP did exhibit an inhibition zone (Fig. 1) . The reason why no zone was present on the PVP plate may have been due to the low diffusion of PVP from the disk to the medium because PVP is a polymer. The antibacterial activity against S. mutans in the medium containing each antibacterial component at 20 µmol/mL showed clear differences when compared with other test components ( Table 3 ). The activity of VP and PVP was markedly high compared with the other components. The activity of the polymers PVP and PMA was higher than that of their corresponding monomers, VP and MA, respectively. In addition, the activity of VP, which is a phosphonium salt, was higher than that of the ammonium salt used as a comparison. PVP showed the highest antibacterial activity against S. mutans.
The amount of bacteria adhering to the surface of the copolymer containing VP was lower than those of the control (C) and copolymers containing MA (Table 4 ). The antibacterial activity of the copolymer containing VP was similar to that of the homopolymers. That is, the activity of the copolymer containing VP was higher than that of the copolymer containing MA.
Since bacterial cell surfaces are usually negatively charged, the absorption of cationic components onto the surface is strongly affected by the positive charge density and steric hindrance of the alkyl groups around the cationic atom. VP and MA used in this study have one positive charge, but it is thought that the charge density at the P atom is lower than that at the N atom, because the ionic radius of atom P is larger than that of atom N. In addition, the steric hindrance around the P atom with three butyl groups is larger than that of the N atom with three methyl groups. However, the antibacterial activity of VP and PVP was higher than that of MA and PMA. This may be explained by considering that the charge density on the P atom increased according to the I-effect by the three butyl groups and the positive charge at the P atom was unaffected by the counter anion because of the large steric hindrance around the P atom with the three butyl groups compared with that of MA.
The antibacterial activity of polymeric compounds is thought to be related to molecular weight 14) . The molecular weights of polymer PVP and PMA prepared in this study were 2.2 and 2.1×10 3 , respectively, i.e. almost the same. These findings suggest that the difference in the antibacterial activity between PVP and PMA does not depend on differences in their molecular weights.
The solubility of VP and M in MMA and the mechanical properties of copolymers
Since it is generally thought that the solubility of salts, such as VP and MA used in this study, to organic solvents is low or non-existent. Most monomers used in dental materials are derived from MMA, so it is important to examine the solubility of salts to MMA. Monomer VP was slightly dissolved at 0.15 mol% in MMA, but MA was insoluble (Table 5 ). This suggests that VP is more advantageous than MA for applications involving organic Table 7 Mechanical properties of the copolymers of MMA, HEMA, and VP or MA dental materials. The mechanical properties of the copolymers of MMA and VP were not greatly decreased compared with those of PMMA because of the low content of VP in the copolymers. Mechanical properties of copolymers of MMA, HEMA, and VP or MA decreased with increases in the component VP and MA (Tables 6 and 7 ). The mechanical properties may be significantly affected by the size and position of the groups around the polymer chain. The decrease in the mechanical strength of the copolymers containing VP or MA occurred because of the long side chain, which was substituted for the double bond of VP and MA. Our findings show that copolymers containing VP are unfavorable for denture base resins where high mechanical strength is demanded, but are strong enough for applications such as soft linings for dentures, as a primer for dentin and enamel adhesives, and as the matrix in a resin-modified glass ionomer cement. In addition, since VP shows antibacterial activity at low concentrations and the matrix in composite resin contains high-density cross linkages, it is thought that the introduction of VP into the matrix of a composite resin will not decrease the mechanical strength of the resin 9) .
